Calibration of an extreme-ultraviolet transmission
grating spectrometer with synchrotron radiation
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The responsivity of an extreme-ultraviolet transmission grating spectrometer with silicon photodiode
detectors was measured with synchrotron radiation. The spectrometer was designed to record the
absolute radiation flux in a wavelength bandpass centered at 30 nm. The transmission grating had a
period of 200 nm and relatively high efficiencies in the +1 and the —1 diffraction orders that were
dispersed on either side of the zero-order beam. Three photodiodes were positioned to measure the
signals in the zero order and in the +1 and —1 orders. The photodiodes had aluminum overcoatings that
passed the desired wavelength bandpass centered at 30 nm and attenuated higher-order radiation and
wavelengths longer than approximately 80 nm. The spectrometer’s responsivity, the ratio of the pho-
todiode current to the incident radiation power, was determined as a function of the incident wavelength
and the angle of the spectrometer with respect to the incident radiation beam. The spectrometer’s
responsivity was consistent with the product of the photodiode responsivity and the grating efficiency,

both of which were separately measured while removed from the spectrometer.

OCIS codes:

1. Introduction

Extreme-ultraviolet (EUV) spectrometers using
transmission gratings and silicon photodiode detec-
tors with thin metal coatings are planned for the next
series of Geostationary Operational Environmental
Satellites (GOES N, O, P, and Q). The spectrome-
ters are designed to measure the absolute solar flux
in four wavelength bandpasses that are established
by the dispersion of the transmission gratings and
the positions of the detectors. The thin metal coat-
ing on each detector transmits the wavelength band-
pass of interest, attenuates shorter wavelengths that
may fall on the detector in the higher diffraction or-
ders of the grating, and blocks scattered longer-
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wavelength radiation. The GOES spectrometers
have an additional fifth channel that measures the
hydrogen Lyman-a flux at a wavelength of 121.6 nm
by use of narrow-bandpass filters.

This type of transmission grating spectrometer
was developed for a rocket mission to measure the
absolute solar flux in a bandpass centered at a wave-
length of 30 nm and approximately 8 nm in width.!
The rocket spectrometer had a gold transmission
grating with 5000 bars/mm. The three photodiode
detectors, each with a 150-nm-thick aluminum coat-
ing, were positioned to measure the 30-nm bandpass
in the +1 and the —1 diffraction orders and the
broadband radiation in the zero order. An addi-
tional freestanding aluminum filter, 150 nm thick,
covered the entrance aperture of the spectrometer.
The wavelength responsivity of the zero-order detec-
tor was primarily established by the transmittance of
the aluminum filter and the aluminum coating on the
detector. The zero-order responsivity was relatively
high at wavelengths longer than the aluminum L
edge at 17 nm. The responsivity was also high at
wavelengths shorter than 10 nm, where aluminum is
transmissive.

A similar spectrometer, the solar EUV monitor
(SEM), is currently flying on the Solar and Helio-
spheric Observatory (SOHO).2 A spectrometer iden-
tical to the SOHO spectrometer was flown on several
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Fig. 1. Schematic of the spectrometer showing the incident beam
(IB), the transmission grating (T'G), the three photodiodes, and the
0 and the *1 diffraction orders. The incident synchrotron radia-
tion is polarized in the dispersion plane, with the electric field
vector perpendicular to the grating bars.

rocket missions for the purpose of calibrating the
SEM and the other instruments on SOHO.3

The currently calibrated spectrometer is similar to
the SEM,23 except that an aluminum entrance aper-
ture filter is not used. As shown in Fig. 1, the spec-
trometer consists of a transmission grating with 5000
bars/mm and three aluminum-coated silicon photo-
diodes. Photodiode 2 (PD#2) is positioned on the
axis of the spectrometer to record the broadband ra-
diation in the zero diffraction order. PD#1 and
PD#3 are positioned symmetrically on either side of
the spectrometer axis and record the 30-nm bandpass
in the +1 and the —1 orders, respectively.

The spectrometer’s responsivity, the ratio of the
photodiode current and the incident radiation power,
was measured as a function of wavelength with EUV
synchrotron radiation. Afterward, the efficiency of
the transmission grating and the responsivities of the
three aluminum-coated photodiodes were measured
while removed from the spectrometer. The mea-
surements were performed with beamline X24C at
the National Synchrotron Light Source.

Compared with the previous calibrations of similar
spectrometers that were performed at the Synchro-
tron Ultraviolet Radiation Facility (SURF) synchro-
tron at the National Institutes of Standards and
Technology (NIST),1-3 the present measurements ex-
tend to shorter wavelengths (2.8 nm compared with 5
nm) where aluminum is increasingly transmissive.
These measurements more accurately determine the
responsivity of the spectrometer’s zero-order channel
(PD#2) to soft x rays that, in the case of broadband
solar illumination, tend to obscure the responsivity at
longer wavelengths above the aluminum L edge at 17
nm. In addition, the shifts in the wavelength cover-
ages of PD#1 (+1 order) and PD#3 (—1 order) result-
ing from off-axis illumination were measured.

The spectrometer’s entrance aperture was estab-
lished by the frame that held the transmission grat-
ing. The aperture was 4 mm wide and 10 mm high.
The transmission grating was oriented with its bars
vertical, parallel to the 10-mm dimension of the ap-
erture. It was necessary to measure the size and
divergence of the incident radiation beam to verify
that the beam underfilled the spectrometer aperture
and underfilled the photodiode detectors when the
spectrometer was centered on the incident beam.

The distance from the transmission grating to the
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detector plane was 200 mm. One photodiode detec-
tor (PD#2 in Fig. 1) was mounted on the axis of the
spectrometer. The other two detectors (PD#1 and
PD#3) were mounted with their centers at a distance
0f 30.4 mm from the spectrometer axis. An aperture
covered each detector and was 5.9 mm wide and 15.9
mm high.

2. Incident Synchrotron Radiation Beam

The size and intensity profile of the incident radiation
beam was characterized by use of silicon photodiodes
with circular or slit apertures. The photodiodes
were of the type AXUV-100G that have a thin (6-nm)
SiO, surface dead layer and good sensitivity in the
ultraviolet, EUV, and soft-x-ray regions.#5 These
photodiodes have negligible surface recombination
losses and thermal nitridation that provides a stable
surface layer.6-8 Owing to the reproducibility of the
lithographic fabrication process, the well-understood
optical properties of silicon, and the excellent stabil-
ity of the detectors, responsivity calibration models
were developed that depend primarily on the physical
design of the detector regions and the carrier collec-
tion efficiency in each region.9-12

The measurements were performed at the National
Synchrotron Light Source with the Naval Research
Laboratory beamline X24C.13.14¢ The synchrotron
radiation was dispersed by a grating monochromator
that had a resolving power of 600. Thin filters at-
tenuated the radiation from the monochromator in
the higher harmonics of the diffraction grating. The
beam-profile measurements were performed at a
wavelength of 295 nm with an aluminum-—
magnesium—aluminum filter with layer thicknesses
of 32.2, 263.5, and 32.2 nm, respectively. This filter
had good transmittance in the 25-50-nm-wavelength
working range established between the first- and the
second-order appearances of the magnesium L;; edge
at 24.8 nm. The two outer aluminum layers also
prevent oxidation of the center magnesium layer.

The monochromator exit slit, which was in the hor-
izontal direction, was set to a width of 400 pwm, which
provided reasonably large photodiode signals and
small vertical beam divergence. A beamline baffle
was set to its minimum horizontal width, which re-
sulted in minimum horizontal beam divergence. At
a wavelength of 29.5 nm and with the aluminum—
magnesium—aluminum filter, the current measured
by a precision Keithley electrometer was 16.8 nA.
On the basis of the calibrated responsivity (0.22 A/W)
of the AXUV-100G photodiode at a wavelength of
29.5 nm that was provided by NIST,5 the incident
photon flux was 2.8 X 10! photons/cm?s. This was
approximately an order of magnitude larger than the
photon flux used for the SURF measurements.! By
comparison, the detector’s dark current was typically
3 pA.

Shown in Fig. 2(a) is the radiation beam profile
measured at a distance of 130 cm in front of the
transmission grating and 40 cm downstream of the
monochromator exit slit. The profile was measured
by means of scanning an AXUV-100G detector with a
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Fig. 2. Intensity profile of the incident beam (a) at a distance of
130 cm in front of the spectrometer’s transmission grating and (b)
at the position of the transmission grating. The incident wave-
length was 29.5 nm. The X direction is horizontal, and the Y
direction is vertical. The contour values are (a) 0.01, 0.04, 0.07,
0.10, 0.13, 0.16, and 0.19 and (b) 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, and
1.5.

150-pm-diameter aperture through the beam in
109-pm increments in the horizontal (X) and vertical
(Y) directions. Shown in Fig. 3(a) is the beam profile
in the horizontal direction derived by summation of
the data in the vertical direction. The correspond-
ing beam profile in the vertical direction is shown in
Fig. 3(b). The width and the height of the beam at
the half-maximum levels are approximately 0.9 and
0.6 mm, respectively.

The beam profile measured at the position of the
transmission grating is shown in Fig. 2(b). The pro-
file was measured by means of scanning a detector
with a 570-pm-diameter aperture through the beam
in 440-pm steps. The horizontal and the vertical
beam profiles, derived by summation of the data, are
shown by the large square data points in Fig. 4.
Also shown in Fig. 4 (small triangular data points)
are the horizontal and the vertical profiles measured
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Fig. 3. Relative incident beam intensity in (a) the horizontal di-
rection and (b) the vertical direction at a distance of 130 cm in front
of the spectrometer’s transmission grating. The data points were
derived by means of stepping a detector with a 150-um circular

aperture through the incident beam. The incident wavelength
was 29.5 nm.

by means of scanning detectors with 100-um vertical
or horizontal slits with 88-pm steps. The beam
width and height at the half-maximum levels are 2.0
and 2.1 mm, respectively.

From the beam profiles measured at the grating
position and at a distance of 130 cm upstream, the
inferred beam divergence is =0.4 mrad in the hori-
zontal direction and +0.6 mrad in the vertical direc-
tion. We conclude that the beam was smaller than
the spectrometer’s entrance aperture (4 mm wide and
10 mm high) and also that the beam was smaller than
the spectrometer’s detector apertures (5.9 mm wide
and 15.9 mm high). We verified this by moving the
spectrometer through the radiation beam while keep-
ing the spectrometer axis parallel to the beam. The
currents from spectrometer PD#2 (zero order) for the
vertical and the horizontal scans are shown in Figs.
5(a) and 5(b). In both cases the data are consistent
with the beam and aperture sizes. That is, the cur-
rent rises (and falls) over a distance of approximately
1.5 mm (consistent with Fig. 4), and the horizontal
and the vertical scans shown in Figs. 5(a) and 5(b)
have narrow and wide flat regions, respectively, near
the spectrometer axis. The flat region of the vertical
scan also indicates that the responsivity of the
aluminum-coated PD#2 and the zero-order grating
efficiency are uniform in the vertical direction to
within 4%.

After the beam was centered in the spectrometer’s
entrance aperture, the spectrometer was rotated in
the horizontal plane about a vertical axis through the
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Fig. 4. Relative incident beam intensity in (a) the horizontal di-
rection and (b) the vertical direction at the position of the spec-
trometer’s transmission grating. The small triangular data
points were obtained by means of stepping detectors with 100-pum-
wide slit apertures through the incident beam. The large square
data points were derived by means of stepping a detector with a

570-pm circular aperture through the incident beam. The inci-
dent wavelength was 29.5 nm.

Current (nA)

center of the grating. The current from PD#2 is
shown as a function of angle in Fig. 5(c). Consider-
ing that the detector is 200 mm from the axis of
rotation, the data are consistent with the 1.7° angu-
lar width of the 5.9-mm detector aperture and the
0.6° effective angular width of the 2.0-mm beam.

3. Transmission Grating

The transmission grating consisted of gold bars with
a period of 200 nm.16 The fine-grating gold bars
were supported by a coarse gold-bar mesh that, in the
absence of the fine-grating bars, would transmit ap-
proximately 40% of the incident radiation.

The transmission grating, after removal from the
spectrometer, was mounted in a rotational fixture in
an EUV synchrotron reflectometer.13:14 The detec-
tor in the reflectometer was mounted on a rotating
arm that traveled in a circle nearly 360° around the
sample at its center. The detector could measure
the incident beam (when the sample was removed) or
the beams that were transmitted or reflected by the
sample.

The plane of the grating was perpendicular to the
incident beam. The incident beam was approxi-
mately 80% polarized with the electric field vector in
the horizontal plane and perpendicular to the gold
bars of the transmission grating. An AXUV-100G
detector was rotated in angle through the diffraction
orders. The efficiency was calculated by means of
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Fig. 5. Zero-order signal measured when the spectrometer was
moved across the incident beam in (a) the horizontal direction and
(b) the vertical direction. (c) is the signal measured when the
spectrometer was rotated with respect to the incident beam. The
incident wavelength was 29.5 nm.

dividing the detector current by the current mea-
sured when the transmission grating was removed
from the radiation beam. The efficiencies measured
at incident wavelengths of 8.86 and 30.4 nm are
shown in Fig. 6. The 0.5° angular width of the or-
ders was determined by the 1-mm-wide slit that cov-
ered the detector. The average efficiency in the +1
orders at a wavelength of 8.86 nm is 3.3%, and the
efficiencies in the higher orders are much lower. On
the basis of modeling the transmission grating effi-
ciency, the low efficiency in the higher orders indi-
cates that the width of the gold bars was
approximately equal to the width of the open chan-
nels between the gold bars. In Fig. 6 there is no
evidence of higher harmonic radiation from the
monochromator, which if present would appear at
angular positions corresponding to fractional orders
of <1.

The peak efficiencies in the diffraction orders 0-3
that were derived from the detector angular scans at
a number of incident wavelengths from 2.88 to 47.7
nm are shown in Fig. 7, where straight lines are
drawn between the square data points. In general,
the efficiencies tend to decrease at the longer wave-
lengths as expected from the waveguide cutoff condi-
tion.17

4. Silicon Photodiodes

The spectrometer’s silicon photodiode detectors had
aluminum coatings that were designed to transmit
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Fig. 8. (a) Measured transmittance of an aluminum coating on a
photodiode (data points) and the calculated transmittance of an
aluminum coating with 200 nm thickness (curve). (b) The mea-
sured (data points) and the calculated (curve) transmittances of
the aluminum coatings on the spectrometer’s three photodiodes.

the 30-nm radiation of interest and to block the
longer-wavelength ultraviolet and visible radiation.
The transmittance of a typical aluminum coating is
shown by the data points in Fig. 8(a). The measured
quantity was the ratio of the current from the
aluminum-coated detector divided by the current
from an uncoated AXUV-100G reference detector at
the same incident wavelength. This ratio is effec-
tively the transmittance of the aluminum coating.
The detector currents were measured by means of
scanning the incident wavelength over six wave-
length ranges from 2.7 to 100 nm. An appropriate
beamline filter was used to attenuate higher har-
monic radiation from the monochromator in each
wavelength range.

The curve in Fig. 8(a) is the calculated effective
transmittance for an aluminum thicknesses of 190
nm. Itwasassumed thatthe aluminum coating had
a additional 10-nm-thick Al,O5 layer on the surface.
The effective transmittance was calculated with an
optical model.’® This model solved the boundary
value problem of an electromagnetic field propagat-
ing through the layers of the coating and the under-
lying photodiode regions. The model accounted for
the optical properties of each layer of the coating and
the photodiode, the polarization of the incident radi-

1 April 2001 / Vol. 40, No. 10 / APPLIED OPTICS 1627



ation, the reflectance and transmittance at the
boundaries, and the attenuation of the field strength
in the layers. The responsivities of the coated pho-
todiode and the uncoated reference photodiode were
calculated on the basis of energy deposition and the
carrier collection efficiency in each coating layer and
photodiode region. The optical constants for Al,O,
aluminum, and silicon were from Refs. 19 and 20.

As shown in Fig. 8(a), the effective transmittance of
the aluminum coating is low at wavelengths below
the aluminum Ly;; absorption edge at 17.1 nm. The
aluminum coating becomes more transmissive again
at wavelengths below 10 nm. The transmittance is
negligible for wavelengths longer than 80 nm. In
the case of broadband illumination of the spectrom-
eter, the detector’s aluminum coating transmits the
desired wavelength bandpass centered at 30 nm, at-
tenuates the shorter wavelengths that fall on the
detector in the second through fifth diffraction orders
of the transmission grating, and blocks scattered ra-
diation with wavelengths longer than 80 nm.

The transmittances of the aluminum coatings on
the spectrometer’s three photodiodes were measured
after removal from the spectrometer. The measured
transmittances are shown by the data points in Fig.
8(b). The curve in Fig. 8(b) is the calculated trans-
mittance for 200-nm-thick aluminum and 12.5-nm-
thick Al,O,.

The light-blocking performance of the aluminum-
coated photodiodes was determined by illumination
of the photodiodes with the zero-order beam from the
monochromator. A sapphire window was inserted
into the beam, which attenuated wavelengths shorter
than 140 nm. The current from the uncoated refer-
ence photodiode was 1.56 pA, and the currents from
the aluminum-coated photodiodes were at the
background-noise level of 3 pA. Thus the measured
lower limit on the blocking factor for radiation with
wavelengths longer than 140 nm was 5 X 10°.

The wuniformity of the responsivities of the
aluminum-coated photodiodes was determined by
means of moving the photodiodes relative to the in-
cident beam. At an incident wavelength of 20 nm,
the current varied by less than *+0.8%.

In some cases, depending on the mounting of the
photodiode, photoelectrons may be generated and col-
lected by the external circuit. This may occur in
wavelength regions where the photodiode’s surface
layer is highly absorbing and the photoelectrons are
generated near the surface. In this case the photo-
electrons have a higher probability of escape from the
surface and collection by the external circuit. How-
ever, the aluminum coating is sufficiently transmis-
sive in the 30-nm region that the current resulting
from photoelectrons is negligible.

5. Spectrometer Responsivity

The spectrometer was characterized in the following
manner. The spectrometer axis was oriented paral-
lel to the incident radiation beam, and the dispersion
direction was horizontal. The spectrometer was
moved perpendicular to the beam so that the zero-
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order beam was centered on PD#2 (see Fig. 1). The
incident wavelength from the monochromator was
scanned while the currents were recorded from the
three detectors. At each incident wavelength the
spectrometer detector currents were divided by the
current from the AXUV-100G reference detector that
was placed in the incident beam.

The measured current ratios are shown in Fig. 9.
The wavelength dependence of the zero-order data is
determined primarily by the transmittance of the
aluminum coating on PD#2 [Fig. 8(b)] and by the
zero-order grating efficiency (Fig. 7). The +1 order
measured by PD#1 and the —1 order measured by
PD#3 are lower, owing to the lower *+1 efficiencies as
compared with zero order (Fig. 7).

The wavelength dependence of the *1 orders in
Fig. 9 results from the change in the angle of diffrac-
tion with wavelength. For the case of a grating with
normal-incidence illumination, the grating equation
is n\ = d sin B where d is the grating period and B is
the angle of diffraction. The wavelength interval
subtended by the detector is 3\ ~ ddB where 33 ~
W/D, W is the width (5.9 mm) of the detector aper-
ture, and D is the detector-to-grating distance (200
cm). When we neglect the size of the dispersed
beam, the wavelength interval subtended by PD#1
and PD#3 is approximately 6 nm.

The currents from PD#1 and PD#3 outside the
6-nm bandpass centered at 30 nm were at the detec-
tor dark current level (3 pA). The out-of-band cur-
rents from PD#1 and PD#3 were more than a factor
of 50 smaller than the peak in-band currents (150
pA). This is attributed to the attenuation by the
aluminum coatings on the detectors [Fig. 8(b)] and
the low grating efficiencies in the higher orders (Fig.
7). On the basis of the ratios of the filter transmit-
tances and the grating efficiencies at wavelengths of
30 nm (first order) and 15 nm (second order), the
out-of-band rejection factor is 60 for these two wave-
lengths.

The spectrometer’s field of view was characterized
by rotation of the spectrometer in the horizontal
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plane about a point centered at the grating. The
data for rotation angles of =0.5°, as well and the data
for zero rotation (0°), are shown in Fig. 10. The
current ratios were multiplied by the responsivity of
the AXUV-100G reference detector.’> The resulting
spectrometer responsivity, the current from the
aluminum-coated silicon photodiode detectors di-
vided by the incident radiation power, is shown in
Fig. 10.

The detectors’ wavelength bandpasses shift with
rotation angle in a manner expected from the grating
equation. For a rotation angle of 0.5° the wave-
length coverage is expected to shift by 1.75 nm. For
a given rotation angle the PD#1 (+1 order) and the
PD#3 (—1 order) wave bands shift in opposite direc-
tions as indicated in Fig. 10. The current from
PD#2, which measured the zero-order signal, was
insensitive to rotation angle, since the zero order is
not dispersed in angle. For angles larger than
+0.5°, the zero-order beam begins to fall outside the
area of PD#2.

The measured spectrometer responsivity shown in
Fig. 10 is consistent with the measured transmission
grating efficiency and the measured transmittance of
the aluminum coating on the photodiodes. For ex-
ample, at a wavelength of 30 nm, the *1-order effi-
ciency is 2.2% (Fig. 7), and the coating transmittance
is 32% (Fig. 9). When we multiply by the AXUV-
100G responsivity of 0.22 A/W,15 the expected spec-
trometer responsivity is 1.55 mA/W. This may be
compared with the value of 1.7 mA/W in Fig. 10 for
the case of zero rotational angle at a wavelength of 30
nm. The 9% difference in the two responsivity
values is comparable with the expected convolved
accuracy of the efficiency and transmittance mea-
surements.

The measurements were performed with normal-
incidence, horizontally polarized radiation. Experi-
ence with other transmission gratings with 200-nm
periods indicates that the grating efficiency should be
relatively insensitive to the polarization of the inci-
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Fig. 11. Measured responsivity in the spectrometer’s zero-order
channel (data points) and the zero-order responsivity derived from
the measured grating efficiency and PD#2 responsivity (curve).

dent radiation in the 30-nm-wavelength region.
Modeling indicates that the normal-incidence photo-
diode responsivity is independent of polarization.12-18
Thus the spectrometer responsivity is expected to be
insensitive to polarization for the case of normal in-
cidence in the 30-nm-wavelength region. The spec-
trometer mounting in the calibration chamber can be
rotated by 90°, so the other polarization can be mea-
sured if necessary.

The spectrometer’s responsivity in the zero-order
channel (PD#2) is shown in Fig. 11. The data points
in Fig. 11 represent the measured responsivity, and
the continuous curve is the responsivity derived from
the product of the measured PD#2 responsivity and
the measured zero-order grating efficiency. Figure
11 illustrates the increasing responsivity at wave-
lengths below 10 nm that, in the case of broadband
(e.g., solar) illumination, may produce a significant
signal that would add to the signal produced by the
bandpass covering wavelengths longer than 17 nm.

6. Discussion

A prototype solar spectrometer consisting of a trans-
mission grating and aluminum-coated silicon photo-
diode detectors was calibrated with synchrotron
radiation. The divergence of the incident radiation
beam was +0.4 mrad in the horizontal direction and
+0.6 mrad in the vertical direction, much smaller
than the *4.4-mrad divergence of solar radiation
viewed from Earth orbit. The spectrometer’s re-
sponsivity in the +1 diffraction orders at the operat-
ing wavelength of 30 nm was 1.7 mA/W. This
corresponds to a carrier generation in the external
circuit of 0.07 electrons per 30-nm photon that is
incident within the spectrometer’s field of view.

The shift in the wavelength bandpass with angle of
incidence was characterized for angles of +0.5°, twice
the angular size of the solar disk as viewed from
Earth orbit. The wavelength dependence of the
spectrometer’s responsivity is well understood on the
basis of the measured grating efficiency, the mea-
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sured transmittance of the aluminum coatings on the
photodiode detectors, and the angular dispersion of
the grating.

The SEM spectrometer on the SOHO spacecraft
has measured the solar emission in the 26—34-nm
bandpass.23 The emission during periods of mini-
mum and maximum solar activity varied from 1 X
10%° to 3 x 10'° photons/cm? s. Much of the emis-
sion results from the intense helium IT 30.4 nm spec-
tral line. The corresponding power density is 0.65 to
2.0 mW/m? Considering the 4 mm X 10 mm en-
trance aperture and the 1.7 mA/W responsivity of the
presently calibrated spectrometer at a wavelength of
30.4 nm, the solar emission would produce a detector
current of approximately 44—136 pA. The addition
of a 150-nm-thick aluminum entrance aperture filter
would reduce the detector current by a factor of ap-
proximately 2.5 to 18-54 pA. By comparison, the
detector dark current is 3 pA, is quite steady and can
be easily subtracted from the signal.

Part of this research was performed at the National
Synchrotron Light Source, which is sponsored by De-
partment of Energy contract DEAC02-76CHO00016.
We thank J. C. Rife of the Naval Research Laboratory
(NRL) for facilitating the synchrotron measure-
ments.
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